Optical observations of the type IIb SN 2013df from a few days to about 250 days after explosion are presented. These observations are complemented with UV photometry taken by SWIFT up to 60 days post-explosion. The double-peak optical light curve is similar to those of SNe 1993J and 2011fu although with different decline and rise rates. From the modelling of the bolometric light curve, we have estimated that the total mass of synthesised 56 Ni in the explosion is ∼ 0.1 M , while the ejecta mass is 0.8-1.4 M and the explosion energy 0.4-1.2 × 10 51 erg. In addition, we have estimated a lower limit to the progenitor radius ranging from 64−169 R . The spectral evolution indicates that SN 2013df had a hydrogen envelope similar to SN 1993J (∼ 0.2 M ). The line profiles in nebular spectra suggest that the explosion was asymmetric with the presence of clumps in the ejecta, while the [O i] λλ6300, 6364 luminosities, may indicate that the progenitor of SN 2013df was a relatively low mass star ( ∼ 12 − 13 M ).
INTRODUCTION
Massive stars (MZAMS > 8 M ; see e.g. Heger et al. 2003) usually end their lives exploding as Core-Collapse Supernovae (CC-SNe) leaving behind a compact remnant (neutron star or black hole depending on the mass of the star that exploded). The stellar configuration prior to explosion is what leads to the different observational sub types of CCSNe. Specifically, type IIb SNe are thought to arise from the explosion of stars that had retained a small part (a few tenths of M ) of their hydrogen layer, and along with type Ib and Ic SNe belong to the so-called stripped-envelope SNe category (SE-SNe) (Clocchiatti et al. 1996) . The reason why type IIb SN progenitors have lost most of their hydrogen envelope prior to exploding is unclear, although two scenarios are contemplated: 1) Transfer of most of the stellar amg@ice.csic.es envelope of the progenitor to a companion star (see e.g., Claeys et al. 2011) ; 2) Mass loss due to stellar winds (Smith & Owocki 2006; Puls et al. 2008) . Type IIb SNe are relatively infrequent events. Their rate among a volume limited sample of 81 type II SNe was estimated by Li et al. (2011) to be 11.9% +3.9 −3.6 . The Asiago SN catalogue lists about 86 type IIb SNe 9 but only a few of them have been extensively monitored. Their spectra show a transition from being dominated by hydrogen at early phases, to predominance of He i features at later times (Filippenko et al. 1988 ). Concerning their light curves (LCs), some type IIb SNe present clear double-peaked LCs in all optical bands, as in the case of SN 1993J (e.g., Richmond et al. 1994) and SN 2011fu (Kumar et al. 2013) . Other IIb SNe show the first peak only in some of their optical and UV bands, e.g. SNe 2008ax (Roming et al. 2009 ) and 2011dh (Arcavi et al. 2011) . This is probably due to the short duration of the first peak in these SNe that can be missed by observations. The first peak of the LCs of IIb SNe is attributed to shock wave heating of the hydrogen envelope, while the longer lasting secondary peak is powered by the decay of 56 Ni (Woosley et al. 1994 ). Other SNe, that are not of type IIb, have also presented an initial peak in their optical LCs before climbing to a secondary maximum. This is the case for example of type II-peculiar 1987A (e.g., Hamuy et al. 1988) , or type Ib/Ic SN 2005bf (Folatelli et al. 2006) . For SN 1987A, the initial peak has also been explained in terms of an adiabatic cooling of its stellar envelope after the shock breakout that follows corecollapse of massive stars. However, for SN 2005bf (Folatelli et al. 2006 ) gave an alternative explanation for the early peak calling for a double-peaked 56 Ni distribution, this is, some 56 Ni is mixed in the outer layers of the ejecta. Confirmed progenitor identifications for type IIb SNe have been achieved for SN 1993J (Aldering et al. 1994; Maund & Smartt 2009 ) and for SN 2011dh (Maund et al. 2011; Van Dyk et al. 2011 . In both cases the progenitor stars were revealed to be yellow supergiants. For SN 2008ax, the progenitor was also found in archival images (Li 2008; Crockett et al. 2008 ), but there were multiple configurations that matched its observed colours. Two scenarios were proposed, one consisting of a single progenitor and another based on a binary system, but in both cases the explosion involved a supergiant. With respect to the binary scenario, a blue companion to SN 1993J was identified about ten years after its explosion (Maund et al. 2004) , and possibly the companion of SN 2001ig was also found by Ryder et al. (2006) . Recently, the indirect detection of the Wolf Rayet-like progenitor of type IIb SN 2013cu has been possible from spectral observations of its stellar wind right after explosion (Gal-Yam et al. 2014 ). The most recent probable identification of a type IIb SN progenitor from Hubble Space Telescope (HST) archival images has been that of the yellow supergiant precursor of the type IIb SN 2013df (Van Dyk et al. 2014) . SN 2013df, having coordinates α = 12 h 26 m 29. s 33 and δ = +31
• 13 38. 3 (J2000), was discovered in the galaxy NGC 4414 by F. Ciabattari and E. Mazzoni of the Italian Supernovae Project (ISSP) 10 , on 2013 June 7.87 UT (Ciabattari et al. 2013) . SN 2013df is the second SN discovered in NGC 4414, the first being the type Ia SN 1974G. A spectrum of SN 2013df taken soon after discovery (2013 June 10.8 UT) showed characteristics of a type II supernova resembling early spectra of the type IIb SN 1993J (Ciabattari et al. 2013) . Soon after discovery of the SN, X-ray detection coming from a source at the SN position (2.1 arcsec offset) was reported by Li et al. (2013) . The absorption corrected average luminosity (0.3 − 10 keV) of their observations, which spanned from 2013 June 13 to 2013 June 19, was 7 × 10 39 erg s −1 . This luminosity most likely has its origin in the SN, as it falls in the range of other X-ray detected SNe, and it is less probable to arise from diffuse emission of NGC 4414. Some early time optical data of SN 2013df were presented in Van Dyk et al. (2014) and confirmed its type IIb nature. In this manuscript we present the analysis of additional optical photometric and spectroscopic data for 10 http://italiansupernovae.org/en.html SN 2013df, as well as ultraviolet and late time data. The monitoring of SN 2013df from early to late time after explosion, has offered us a unique opportunity to investigate the evolution of the observed properties of a relatively nearby type IIb SN, which presents double-peaked LCs in all optical bands, and for which the plausible progenitor has been identified. In section 2, we summarize the reduction and calibration process of our observational data of SN 2013df. In section 3 we present our photometric results. The spectroscopic analysis is described in section 4. In section 5 we derive some constraints on the progenitor's characteristics, and in section 6 we summarize our results. In Appendix A, we provide details of the instrumental set-ups used in the acquisition of our data of SN 2013df.
OBSERVATIONAL DATA

Distance, reddening and host galaxy
Throughout this work, we will adopt as the distance modulus to NGC 4414 µ = 31.65 ± 0.30 mag. This estimation was obtained as the weighted mean value of distance moduli provided by the NASA/IPAC extragalactic database (NED). The redshift for SN 2013df is assumed to be that of its host galaxy as given by NED (vrecession = 716 ± 6 km s −1 ). The reddening in the line of sight of the SN due to the Milky Way (Schlafly & Finkbeiner 2011 ) is E(B − V )MW = 0.017 ± 0.001 mag. Thus, adopting E(B − V )NGC 4414 = 0.081 ± 0.016 mag as the SN reddening in the host-galaxy (Van Dyk et al. 2014) , we assume in the rest of this manuscript E(B − V ) Total = 0.098 ± 0.016 mag as the total reddening toward SN 2013df. Tomasella et al. (2014) performed a study of the distribution of the subtypes of 78 CC-SNe in dwarf compared to giant galaxies. In their sample there were four type IIb SNe whose hosts were luminous galaxies. Keeping in mind the very small statistics and the uncertainties in the early classification of type IIb SNe, their result does not confirm the excess of type IIb SNe in dwarf hosts claimed by Arcavi et al. (2010) and, on the contrary, it is in agreement with Sanders et al. (2012) , who found no statistical differences between the metallicity distributions of type Ib and Ic or between type Ib and IIb SNe. With our adopted distance, the reddening towards NGC 4414 due to the Milky Way, and the apparent V magnitude given by SIMBAD 11 we obtain for NGC 4414 V = −21.6. So, NGC 4414 is another example of a luminous (giant) host for a type IIb SN.
2.2 Ground-based optical photometric and spectroscopic data: reduction and calibration process.
We started an optical observational follow-up campaign of SN 2013df on 2013 June 11.93 UT (a few days after its discovery), the campaign was suspended at the end of July 2013 when the supernova went behind the Sun and resumed again to acquire some late time data from November 20th,
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2013 to February 11th, 2014. Our data were obtained at different sites (see Appendix A). The reduction and calibration processes of the data are described below:
(i) Photometry Non-amateur optical photometric data were reduced (overscan, bias and flat field corrected) within the iraf 12 environment for all instruments except for data obtained at LT, for which reductions are usually performed with specific pipelines. The measurement of instrumental magnitudes of the SN were performed via Point Spread Function (PSF) fitting by means of SNOoPY 13 . A total of 5 local stars, identified in Figure 1 , were chosen to derive the instrumental PSF and to calibrate the optical UBVRI SN LCs.
Once instrumental magnitudes were measured, calibration of the local stellar field to a standard photometric system was performed by means of the zero points and colour terms derived thanks to the observation of standard Landolt fields (Landolt 1992 ) on photometric nights. The apparent magnitudes of the stellar sequence and their associated errors are reported in Table 1 both in the Johnson Cousins -JCsystem and in the Sloan system, and are the mean values of the magnitudes obtained over photometric nights while the errors are the r.m.s. uncertainties over these nights. The SN magnitudes were derived relative to the mean magnitudes of our stellar sequence. The unfiltered magnitudes obtained from the images provided by F. Ciabattari, K. Itagaki and S. Howerton were rescaled to JC V band or R band, depending on the wavelength peak efficiency of the detectors. The data provided by N. Schramm were taken with a colour camera, which has a colour filter array (or Bayer-mask) that arranges the red, green, and blue response on each pixel of the CCD. We subdivided in blue, green, and red images each of the frames. One of the main problems when doing this is that gaps result between the pixels of the images of the same colour. After re-binning the images, we derived SN magnitudes from these data and we rescaled to B, V, and R band magnitudes those derived from the blue, green and red images respectively.
We note that we have not performed S-corrections (Stritzinger et al. 2002; Pignata et al. 2004 ) to our photometric data of SN 2013df.
(ii) Spectroscopy Optical spectroscopic data were reduced within iraf (overscan, bias and flat fielding). The spectra were extracted, wavelength calibrated by means of the spectra of arc lamps taken in the same configuration as the spectra of the SN, and flux calibrated by means of the use of sensitivity functions obtained after observations of spectroscopic standards. Atmospheric corrections were also performed dividing by spectra of telluric lines obtained from the spectroscopic standards. When spectra were obtained with different grisms, they were scaled and combined to obtain final spectra. The spectra wavelength and flux calibration were checked using night sky lines and the photometry of 12 Image reduction and Analysis Facility, a software system distributed by the National Optical Astronomy Observatories (NOAO) 13 Cappellaro 2014 SNOopy: a package for SN photometry, http://sngroup.oapd.inaf.it/snoopy.html the SN at the nearest epoch respectively.
2.3 Space-based SWIFT optical and ultraviolet data: reduction and calibration process.
Our ground-based photometry was complemented with data taken by UVOT on board the SWIFT satellite (see Appendix A). The calibrated UVOT SN images were retrieved from the SWIFT data archive 14 . Estimates of the SN magnitudes were obtained using the task uvotsource included in the ftools packages distributed by NASA's HEASARC. The task performs aperture photometry, corrected for the detector coincidence losses, integrating the flux in a user defined aperture. In the particular case, to reduce the contamination by galaxy background, the SN magnitude was measured with a 3 arcsec aperture. We also measured, as reference, the magnitude of field stars with the same 3" aperture along with a 5" aperture. The reference stars were used to derive an aperture correction and, by including some of the local standards, were used to cross-check the photometric calibration for the optical bands obtained at other telescopes. The SWIFT UV photometry for SN 2013df is reported in Table 2 .
PHOTOMETRIC RESULTS
UV-Optical Light Curves
The optical UBVRI and SWIFT UVW2, UVM2, UVW1 light curves of SN 2013df spanning from discovery up to approximately 250 days post discovery is shown in Figure  2 . The SN's optical apparent magnitudes together with the errors are reported in Table 3 . We have included in our optical light curves some filtered and unfiltered amateur data. Note that uri Sloan data obtained at the LT (presented in Table 4 ), have been approximated to the JC URI using the relations in Jordi et al. (2006) and then added to the UBVRI light curves of Figure 2 using filled symbols. The transformations in Jordi et al. (2006) are colour transformations between ugriz Sloan Digital Sky Survey (SDSS) photometry and JC photometry. When applied to our stellar sequence, we found a fair agreement with our own JC photometry (differences ranging ∼ 0.1-0.3 mag). The transformations seem to work fairly well for our SN photometry, specially at early phases, although they still should be considered approximations.
To estimate the explosion date of SN 2013df we rely on the similarity of its R band light curve with that of SN 1993J. In Figure 3 we compared the template for type IIb SN LCs derived from the R band data of SN 1993J in Li et al. (2011) , and the early time data for SN 2013df. As can be seen in the figure, we perceive the rise to the first maximum in the LC of SN 2013df. Assuming that the rise to the first peak in the R band is the same in SN 1993J and SN 2013df, we estimate that the explosion of SN 2013df took place on JD = 2456450.0 ± 0.9 (2013 June 6.50 UT). This date is consistent with the discovery date on 2013 June 7.87 UT (JD = 2456451.37) and the last non-detection of the SN (2013 May 25 down to a magnitude of 18.5, Van Dyk et al. 2014) . We also ran comparisons between our sequence of spectra and those in SNID (Blondin & Tonry 2007) and Gelato (Harutyunyan et al. 2008 ) and our estimated explosion date is consistent with the phases of the best fitting spectra found in those databases.
So, we adopt JD = 245650.0 ± 0.9 as the explosion date of SN 2013df and use it as reference in the rest of this manuscript.
The overall shape of the LCs of SN 2013df is similar to those of SNe 1993J and 2011fu. We have estimated the decline rate at the first peak, and the rise and decline rate at secondary peak of SN 2013df through linear interpolation of the observed magnitudes. The results are presented in Table 5. The decline rates after the first peak are in general smaller than those of SN 1993J, and greater than those of SN 2011fu in all bands except U (see table 5 of Kumar et al. 2013 ). The rise rate to the secondary maximum is slower than in SNe 1993J and 2011fu in all bands. However the decline rates after the secondary maximum are faster than in SNe 1993J and 2011fu. The decline rates measured from the late time data are steeper than the rate expected for the decay of 56 Co → 56 Fe, which is 0.98 mag (100 d) −1 . This is a common characteristic to other type IIb SNe and is attributed to the progressive decrease of the γ ray trapping in the expanding low mass ejecta. The minimum magnitudes after first decline and those at secondary maximum of the BVRI light curves of SN 2013df were estimated by fitting low order polynomials as were the times at which these minima (tmin) and maxima (tmax) took place (see Table 6 ). We were unable to fit the U band light curve given its flatness after first decline. With our adopted explosion date of JD = 2456450.0±0.9 for SN 2013df, the minimum occurs at a later time than in SN 1993J and earlier than in SN 2011fu, see table 4 of Kumar et al. (2013) . The difference in magnitude between the minimum and the secondary maximum of the light curves is smaller for SN 2013df than for SN 1993J and 2011fu. The LCs of all three SNe reach the minimum after the first peak earlier in the redder passbands with the exception of the I band. As mentioned before, in the R band light curve of SN 2013df, we perceive the rise to the first maximum thanks to the early amateur data points. We have also fitted this first maximum with low order polynomials and estimated that it occurred on JDR1stmax = 2456453.5 ± 0.1 at mR1stmax = 13.78 ± 0.04 mag. For SN 1993J, the rise to the first peak in V and R bands was probed by early observations Barbon et al. 1995) , while for SN 2011fu, observations started after the first peak. Chevalier & Soderberg (2010) proposed that type IIb SN LCs presenting an early luminous phase comparable to that of SN 1993J arise from the explosion of extended stars, whereas those lacking an early luminous peak arise from the collapse of more compact stars. For SN 2011dh, which presented an early peak in the g band, these progenitor scenarios were explored by modelling the data (Bersten et al. 2012) . It was shown that a compact progenitor model does not reproduce the early time luminous g observations of the SN whereas an extended model does. For SN 2013df's progenitor, Van Dyk et al. (2014) estimated a radius of 545 ± 65 R based on their estimates of T eff and L bol . In section 5 we set further constraints on the progenitor radius of SN 2013df based on our early photometric data.
A comparison of the absolute R LC of SN 2013df to those of SNe IIb 1993J, 2008ax, 2011dh, 2011ei and 2011fu can be seen in Figure 4 . SN 2013df is dimmer than SN 2011fu and 1993J at the secondary peak, has similar secondary peak brightness as SN 2008ax, and is brighter than SN 2011dh and the low-luminosity type IIb SN 2011ei (see Table 7 for a Phase in days with respect to the adopted explosion date JD = 2456450.0 ± 0.9 Figure 2 . UV-optical light curves of SN 2013df. The uri Sloan data have also been included in these light curves using the approximations to the JC system given in Jordi et al. (2006) . The transformed Sloan data points are depicted in the figure with filled symbols. The assumed explosion epoch is JD = 2456450.0 ± 0.9. The LCs have been shifted for clarity by the values indicated in the figure. Table 5 . Decline and rise rates in the UBVRI LCs of SN 2013df.
Band Decline from 1st peak a Rise to 2nd peak b Decline from 2nd peak c Decline tail
a Considering the interval from ∼ 4 to 10 days after explosion b Considering the interval from ∼ 10 to 20 days after explosion c Considering the interval from ∼ 20 to 35 days after explosion d Considering the interval from ∼ 40 days after explosion a comparison of the R absolute magnitudes for different type IIb SNe at maximum).
Colour Curves
In Figure 5 we have plotted the intrinsic colour evolution of SN 2013df together with those of type IIb SNe 1993J, 2008ax, 2011dh, and 2011fu (using the reddening values given in Table 7 The similarity in the light curves of SNe 1993J and 2013df during the first 10 days after explosion (approxi- Table 7 .
mately the duration of the first peak and thus, the time that the LCs are adiabatically powered; Woosley et al. 1994 ) is mostly reflected in the (U − V )0 and (B − V )0 indices. As noted above, the (V − I)0 evolution is the opposite for these two SNe during this period, however, there is no clear similar or completely distinct behaviour in their (V −R)0 index evolution. During the first 10 days, SN 2011dh's UBVRI LCs are radioactively powered (Bersten et al. 2012; Ergon et al. 2014) , and present redder (U −V )0 and (B−V )0 indices with a flatter evolution during this time. This could mean that the main contribution of the shock wave powering the first peak in SNe 1993J and 2013df is in the bluer wavelengths.
Bolometric Light Curve
To derive the UV-optical-NIR pseudo-bolometric LC of SN 2013df, we followed two steps. In the first place, we derived the UV-optical pseudo-bolometric LC from the photometry presented in Section 3.1. This was done calculating the fluxes at the effective wavelengths from the extinction corrected apparent magnitudes. When at a certain epoch there was no observation, it was obtained by interpolation of the LC. The spectral energy distribution given by these effective fluxes was integrated following a trapezoidal rule, and the integrated flux was converted into luminosity for our adopted distance. The next step was to estimate a NIR contribution to the LC, since SN 2013df was not observed in these wavelengths. To do this, we calculate two pseudo-bolometric LCs of SN 1993J (using the photometric data from Richmond et al. 1994 and Matthews et al. 2002) . Following the same procedure as for the UVoptical pseudo-bolometric LC of SN 2013df, one calculation was done considering, and the other omitting, the NIR contribution. The difference in luminosity between SN 1993J's optical and optical-NIR pseudo-bolometric LCs was then added to SN 2013df's UV-optical LC, thus obtaining its UVoptical-NIR pseudo bolometric LC. If instead of using the NIR contribution estimated for SN 1993J we use the one obtained for SN 2011dh from the data of Ergon et al. 2014 , the shape of the UV-optical-NIR pseudo bolometric LC of SN 2013df does not change, however, the LC results a little less brighter around the minimum after first peak and at secondary peak. The only explosion parameter affected by this is then the 56 Ni mass, which has a slightly lower uncertainty: 0.1 − 0.11 M . SN 2013df's luminosities at the minimum after the first peak and at the secondary maximum were estimated by fitting low order polynomials to the light curve. This resulted in Lmin = 2.2 × 10 42 erg s −1 and L 2nd max = 2.5 × 10 42 erg s −1 respectively. We also derived a lower limit to the luminosity at first peak from our R band observations L 1st peak 2.5 × 10 42 erg s −1 .
In Figure 6 we present a comparison of the computed optical-NIR pseudo-bolometric light curves of several type IIb SNe with that of SN 2013df. As can be seen in the figure, SN 2013df has a slower cooling phase after the first peak than SN 1993J, and is the double-peaked SN IIb with the least difference between the minimum after first peak and the secondary maximum. The secondary peak luminosity of SN 2013df lies between those of SN 2011dh and SN 1993J, while the LC width seems smaller following standard light curve interpretation (e.g., Arnett 1982) . This suggests that the ejected 56 Ni mass of SN 2013df should lie between those of SNe 2011dh and 1993J while the ejecta mass should be lower than for those two SNe. At late phases, the LC tail follows the trend of SN 1993J although the slope is a bit steeper and this again could indicate a lower ejecta mass than for SN 1993J. In order to derive the explosion parameters of SN 2013df, we have modelled the bolometric light curve as described in Valenti et al. (2008) . The SN luminosity evolution is divided into the photospheric phase (t 30 d) and the nebular phase (t 60 d). The simple analytical model by Arnett (1982) is adopted, and in addition we include the energy produced by the 56 Co → 56 Fe decay. In the nebular phase, the luminosity is powered by the energy deposition of the γ rays produced by the 56 Co decay, the electron-positron annihilation and the kinetic energy of the positrons (Sutherland & Wheeler 1984; Cappellaro et al. 1997 ). Since the model cannot reproduce shock breakout that dominates the early phases after explosion, we do not attempt to fit the early LC. We limited the photospheric phase to 25 days after the secondary peak, assumed a constant optical opacity κopt = 0.10 cm 2 g −1 , and adopted a range of photospheric velocities (derived from the minimum of the Fe ii spectral lines) spanning 7000 to 9000 km s −1 . The pseudo-bolometric UV-optical-NIR light curve of SN 2013df, as well as its best fit model, are presented in Figure 7 , whereas the explosion parameters derived from the model are displayed in Table 7 . As can be seen in Figure 7 , the model overall reproduces the behaviour of the observational data points and the derived 56 Ni and ejecta masses are consistent with the other type IIb SNe, at least if the 56 Ni mass for SN 2011dh is rather below the up- per limit derived by Ergon et al. (2014) (< 0.1 M ), and for SN 1993J it is in the range 0.1 − 0.14 M . We measured the width of both the observed and model bolometric LCs, and found that close to peak the widths are very similar but the observed LC is wider by one day. However, as can be seen in Figure 7 the model seems broader at around phase 40. Most likely this is related to the fact that it cannot accurately reproduce fast declining LCs, and may indicate that the ejecta mass derived from the model may be slightly overestimated.
SPECTROSCOPIC RESULTS
Spectral evolution
The log of our spectral observations is presented in Table 8 . Our spectral sequence of SN 2013df (Figure 8 ) covers the evolution from 9 up to 243 days post explosion, with a seasonal visibility gap between 42 and 183 days. The most prominent lines are identified in the figure.
In the spectrum at 9 days (that is near the minimum after the first peak in the LCs), we identify a clear P-Cygni Hα feature and an absorption component of Hβ at around 4700Å, although the latter possibly has contributions of Fe ii λ4924 (Barbon et al. 1995; Taubenberger et al. 2011; Hachinger et al. 2012) . Both the absorption components of Hα and Hβ exhibit a flat-bottom profile indicating the presence of a thick expanding H shell (Barbon et al. 1995) . Other than the flat bottom, and as seen before in type IIb SNe 1993J, 2001ig (Silverman et al. 2009 ), 2011dh (Marion et al. 2013 ) and 2011ei, the Hα absorption seems to have two components which may be due to the presence of two peaks in the radial distribution of the H density or to contamination by Si ii. The spectrum also shows He i λ5876 absorption probably blended with Na i λ5890 − 5896 (Taubenberger et al. 2011) . The absorption at approximately 5000Å is likely a blend of Fe ii λ5018, He i λ5015 and Si ii λ5016 (Hachinger et al. 2012; Silverman et al. 2009) , and that around 4300Å a blend of Mg ii λ4481 and He i λ4471 (Hachinger et al. 2012; Silverman et al. 2009 ). We believe the feature around 4100Å could be Hγ, and there are also traces of Ca ii H & K at 3934Å & 3968Å (Taubenberger et al. 2011; Hachinger et al. 2012) .
The spectrum taken at 14 days past explosion exhibits the same features as our previous spectrum. However, the features identified as Hα and Hβ have increased by a factor in equivalent width of approximately 1.2 with respect to our previous spectrum, while the feature identified as He i λ5876 has diminished approximately by the same quantity. The spectrum taken at 22 days since explosion (near to the secondary maximum light), is characterised by an increase in intensity of the λ5876 He i line by a factor of about 1.4 while the increase of the Hα and Hβ lines is by a factor of approximately 1.1. This spectrum also shows conspicuous absorptions of Ca ii NIR λλλ8498, 8542, 8662 (Taubenberger et al. 2011; Hachinger et al. 2012) .
The spectrum at 42 days presents a significant decrease in flux at blue wavelengths compared to earlier data. The Hα line diminished by a factor of 4 approximately, while He i lines increased in intensity with respect to the preceding spectra by a factor of 1.3 approximately. Furthermore, the He i features at λ6678 and λ7065 respectively, can be identified in this spectrum (Taubenberger et al. 2011 ) while they were absent in the previous spectra. The profiles of the absorption lines of He i λ5876 and Hα seem to be similar to the ones seen in the type IIb SN 2000H at phases 19 and 30 days (Branch et al. 2002) .
The last two spectra of our sequence, taken at phases of 183 and 243 days after explosion, exhibit a relative increase in flux at blue wavelengths as well as strong lines of [O i] λλ 6300, 6364, [Ca ii] λλ7291, 7324, O i λ7774, and Ca ii NIR. We also identify Na i around 5890Å possibly contaminated by residual He i λ5876, and Fe ii around 5000Å (Matheson et al. 2000b; Taubenberger et al. 2011; Shivvers et al. 2013) . We believe the features around 6500-6600Å and 6700-6800Å might be associated to Hα emission, we discuss this possibility below. The [Ca ii] λλ7291, 7324 feature is noticeably more intense than [O i] in both of our last spectra. The work by Woosley & Heger (2007) on the nucleosynthesis in massive stars of solar metallicity, shows that oxygen production strongly increases for progenitors over ∼ 16 M . In Jerkstrand et al. 2014, a a Phase in days with respect to the adopted explosion date JD = 2456450.0 ± 0.9 b AFOSC = Asiago 1.82m + AFOSC; B&C = Asiago 1.22m + B&C; OSIRIS = Gran Telescopio de Canarias 10.4m + Osiris level. We converted the resulting flux in luminosity using our adopted distance and the extinction estimated, and then normalized this value relative to the 56 Co decay power (see equation 1 of Jerkstrand et al. 2014) . Therefore, we derived Lnorm (183) at 183 days and 243 days respectively. These two values are found to be closer to those for models 12C and 13D at similar phases (see figure 12 of Jerkstrand et al. 2014) . The main properties of these models can be seen in table 3 of the mentioned manuscript. Still, we stress that MZAMS for these models are 12M and 13M . These values are consistent with the lower limit for SN 2013df's progenitor mass derived by Van Dyk et al. (2014) from the analysis of the HST pre-explosion images of the SN site. SN 2013df has luminosities most similar to those of SNe 2011dh and 2008ax, for whom the values are also consistent with 12-13 M progenitors, while they are quite below the ones for SN 1993J which match best with a higher mass progenitor (M∼15M ). In Figure 9 we show the evolution of the expansion velocities of Hα and He i λ5876, derived from the positions of the minima of the P-Cygni absorptions, for SNe 2013df, 1993J, 2008ax, and 2011dh. The Hα velocity for SN 2013df at 9 days was measured from the position of the red-edge of the flat bottom absorption component as described in Jeffery & Branch (1990) . The velocities for SNe 1993J and 2008ax were taken from Taubenberger et al. (2011) , while those for SN 2011dh were obtained from Ergon et al. (2014) . The trend of the velocity of He i during the first 40 days of evolution of SN 2013df is similar to that of SNe 2008ax and 1993J, but the values are overall higher than for those SNe, and there is a steeper gradient in velocity. As we mentioned above, the line we have identified as He i λ5876 might be contaminated by Na i, this fact could have affected the velocities estimated for SN 2013df. SN 2011dh presents quite a different evolution of the He i λ5876 velocities than the rest of the IIb SNe of the comparison. Ergon et al. (2014) pointed out that detailed modelling including non thermal excitations might provide an explanation for the behaviour of the He lines in SN 2011dh. The trend of the Hα velocity evolution for SN 2013df is similar to that of the comparison SNe but the actual values are smaller. We note that if in our first spectrum we measure the minimum of the P-Cygni of the Hα line adjusting a Gaussian to the whole profile, we derive a velocity of about 16000 km s −1 , which is close to the values obtained for the other IIb SNe at similar phase.
We have measured the black-body temperature by fitting the continuum of our spectral sequence. The temperature increases slowly from 7700K at 9 days to 7900K at 14 days, and subsequently decreases to 6900K at 22 days and 4000K at 42 days past explosion. Considering that the errors of these measurements are about ±500K, we could say that the black-body temperature remained constant between 9 and 22 days and decreased after that. Our values are slightly below those reported for SN 2011dh at coeval epochs (Ergon et al. 2014) . This means the black-body radius for SN 2013df, interpreted as the thermalization radius, should be greater than for SN 2011dh given that the two SNe have similar luminosity.
In the top panel of Figure Kifonidis et al. 2000) . We note that the centroids of [O i] and [Ca ii] in our spectra are slightly blue-shifted. This behaviour has been seen in other stripped envelope type Ib/c SNe and could result from residual opacity in the ejecta core (Taubenberger et al. 2009 ). We have followed the procedure described by Matheson et al. (2000a) to distinguish the possible different components forming the profiles. In the first place, we smoothed the profiles with boxcars of 5 pixels, and secondly we subtracted the smoothed profiles from the original ones. In the bottom panel of Figure 10 We performed the same subtraction described above to try to extract the substructure present in the O i λ7774 line but were only able to distinguish one feature shifted −500 km s −1 in our spectrum at phase 243. We were unable to identify any small scale fluctuations for [O i] λ5777 and for the Mg i] λ4571 line profiles owing to the low S/N ratio of these features. For SN 1993J, Matheson et al. (2000a) found matches between the small scale fluctuations in the 
Late time emissions between 6500 and 6800Å
In our nebular spectra of SN 2013df there are two interesting emission lines. We speculate that these lines could possibly be different components of Hα emerging after interaction with circumstellar material (CSM) material. This was the interpretation for the 6600Å band observed in the 367 day spectrum of SN 1993J , as well as in later time spectra (Matheson et al. 2000b) .
One possibility to explain the two distinct components of the nebular Hα emission in SN 2013df is that the ejecta-CSM interaction is asymmetrical. For example, triple peaked Hα and other Balmer line emission was observed in the spectra of the type IIn SN 2010jp starting at 75 days (Smith et al. 2012) . In that case it was claimed that the two Dopplershifted components of the Balmer lines were caused by circumstellar interaction of a tilted collimated bipolar jet produced during the explosion. Note that in the spectra of SN 2013df, if we consider the feature between 6500 and 6600Å to be the central component of the Hα emission, and the feature between 6700 and 6800Å to be the redshifted one, there could possibly be a blue-shifted Hα emission as well but it might be submerged in the [O i] λλ6300, 6364 line. Unfortunately, we do not clearly detect other Balmer lines in our nebular spectra, and cannot confirm the multicomponent profile. In a recent article on late time line formation in IIb SNe, Jerkstrand et al. 2014 stress the fact that at phases above 150 days, no Hα emission is produced by their models. Instead the features around 6550Å are likely caused by [N ii] λλ6548, 6584. So, another possibility is that most of the 6500Å emission is coming from [N ii] and that there is multi-peaked Hα from CSM interaction on top. Although in principle we could attribute the 6700-6800Å feature to residual He i 6678Å, Jerkstrand et al. 2014 stress that optical He lines start diminishing in spectra of type IIb SNe after 100 days and are difficult to detect. So, given the similarity with SN 1993J, and the fact that for this SN the nebular emission around 6600Å was well modelled by Hα excited by CSM interaction, we believe the emissions that are detected at 6500-6600 and 6700-6800Å in SN 2013df's late time spectra could also be caused by multiple component Hα, and that the 6500-6600Å feature is possibly on top of [N ii] λλ6548, 6584.
Spectral comparison to other SNe
In Figure 11 we present a comparison of coeval spectra of SNe 2013df, 1993J, 2008ax and 2011dh . We have obtained the comparison spectra from the WISEREP 15 (Yaron et al. 2012) database. All the spectra have been dereddened and corrected for their host galaxy recession velocities assuming the reddenings and redshifts given in Table 7 . At an early phase, the spectrum of SN 2013df is quite blue but shows stronger Balmer lines and He i λ5876 than the even bluer and almost featureless spectrum of SN 1993J. In contrast, the lines in SN 2013df's early spectrum are not as intense as in SNe 2008ax and 2011dh at a coeval phase. In the middle panel of Figure 11 , we compare the above men- Barbon et al. 1995 for the spectra at 4 and 42 days of SN 1993J, and an unpublished spectrum taken at the 1.22m Galileo Telescope in Asiago-Italy at 236 days. For SN 2008ax, the spectrum at 9 days is from Pastorello et al. 2008 and the spectra at 40 and 266 days from Taubenberger et al. 2011 , the spectrum at 10 days is from Arcavi et al. 2011 , the one at 44 days is from Ergon et al. 2014 and the one at 270 days from Shivvers et al. 2013 . All spectra have been redshift corrected and dereddened assuming the values given in Table 7. in the comparison SNe at this phase. In the bottom panel of Figure 11 we have depicted nebular spectra for the above mentioned SNe IIb. All spectra are very similar, but it is noteworthy that [O i] is less prominent in SN 2013df than in the rest of the cases, and its profile is more similar to that of SN 2011dh than the ones of SNe 1993J and 2008ax. The [Ca ii] line is more prominent and boxy in SN 2013df than in the rest of the SNe. Although many effects such as mixing can affect the [Ca ii]/[O i] flux ratio in SN nebular spectra, it is expected to be sensitive to the progenitor's initial mass, increasing with decreasing main sequence mass (Fransson & Chevalier 1987 , 1989 . We note that this ratio for SN 2013df, compared to that of for example SN 1993J, could lead to the unrefined claim of SN 2013df's progenitor being less massive than SN 1993J. Interestingly this is in accordance with the estimation for SN 2013df's progenitor initial mass done above via the [O i] λλ6300, 6364 luminosity measurements. We also note that the features in the nebular spectrum of SN 2013df at 6500-6600Å and 6700-6800Å discussed in the previous section, which we think are components of Hα, are not seen in the comparison SNe at coeval phase, specially the 6700-6800Å feature.
SN 2013df 15
CONSTRAINTS ON THE PROGENITOR'S PROPERTIES
Optical observations of CCSNe soon after shock breakout may help constrain progenitor characteristics. Clues can be given by early photometry (one day after explosion) as described in Chevalier & Fransson (2008) and Nakar & Sari (2010) , thanks to colour temperature derived from early spectra (Rabinak & Waxman 2011) and by flash spectroscopy, as described by Gal-Yam et al. (2014) . Recently, Nakar & Piro (2014) studied the conditions for double-peaked SN light curves. They found that non standard progenitors formed by a compact massive core surrounded by an extended low-mass envelope can reproduce the main features of double-peaked light curves. They also derived a series of analytic formulae to constrain the mass of the extended material Mext, its radius Rext, and the radius of the core Rcore:
• From the time of the first peak in the LC (tp), the extended material mass prior to explosion is given by:
(1) where Mext is taken to be the mass between the radii Rext/3 and Rext. E51 is the kinetic energy E/10 51 erg, κ0.34 is the opacity κ/0.34 cm 2 s −1 , Mcore is the ejected core mass (not including mass of the compact remnant), and tp is the time in days at which the first peak in the LC takes place.
• From the bolometric luminosity at the first peak (L), the radius of the extended material can be constrained by means of: cm (2) where, L43 is L 10 43 erg s −1
• From the luminosity at the minimum after the first peak (Lmin) an upper limit to the core radius may be derived: In order to derive some characteristics of SN 2013df's progenitor, we made use of the following considerations: (i) We assumed two different constant optical opacities depending on the stage of the SN evolution. At first (for Formulae 1 and 2) the LC is powered by the low mass extended hydrogen gas. As in Nakar & Sari (2010) , for a hydrogen envelope with cosmic abundances we considered κ = 0.34 cm 2 g −1 . The second phase of the LC is powered by the compact hydrogen deficient core (Formula 3), for which we considered κ = 0.1 cm 2 g −1 , the same value as the one we used in the modelling of the bolometric LC.
(ii) As noted in Nakar & Piro (2014), estimates for Rext can be obtained even if only the luminosity in one band is available, though less accurately. In our case the first maximum of the light curve was only detected in the R band, so we use L and tp as derived from that band and thus estimate only a lower limit to Rext.
(iii) We assumed the initial mass range for SN 2013df's progenitor to be that given by Van Dyk et al. (2014) : 13 − 17 M . We have estimated a range for the ejected core mass of 2 − 3.6 M . To do this we considered the relation between the He-core mass and main sequence mass for the stellar evolution of a single star given by Sugimoto & Nomoto (1980) , and assumed that the remnant mass is ∼ 1.4 M . Although the core mass we have estimated here is for a single star and the progenitor of SN 2013df could potentially form part of a binary system, we don't expect the core mass to be affected very much. For example, in the case of SN 2011dh, the core masses derived for its progenitor by Bersten et al. (2012) resulted similarly to that obtained by Benvenuto et al. (2013) , considering SN 2011dh's progenitor evolved in a binary system.
We characterised SN 2013df's progenitor as summarized in Table 9 .
Our result for SN 2013df's Mext is of the order of that obtained for SN 1993J in Nakar & Piro (2014) , and an order of magnitude above the ones derived for SN 2011dh. As noted in Nakar & Piro (2014) , Mext is not the total mass of the envelope surrounding the core, but just the fraction distributed around Rext. The similarity between Mext for SNe 2013df and 1993J suggests that the mass of the hydrogen shell in SN 2013df's progenitor prior to explosion is similar to that of SN 1993J, i.e. MH ∼ 0.2 M (Woosley et al. 1994) , and slightly above the value for SN 2011dh MH ∼ 0.1 M (Bersten et al. 2012) . Concerning the extended radius of SN 2013df, we have derived a range of 64 − 169 R . We stress that this range is based on the R luminosity instead of bolometric luminosity, which makes it a lower limit, as LR < L bol . Taking into account the spectral and photometric similarity between SNe 2013df and 1993J, SN 2013df's bolometric luminosity at first peak could be about a factor of 2 times brighter than the R band specific luminosity. This could increase the estimate for SN2013df's Rext by a factor of 1.5. However, we must also take into account that for SN 1993J, Rext derived by Nakar & Piro (2014) is a factor 1.9 below that obtained from the modelling of the light curve, and a similar underestimate could also take place for SN 2013df. Multiplying our lower limit range on the extended radius of SN 2013df's progenitor by these two factors, brings it closer to the value derived by Van Dyk et al. (2014) from the pre-SN HST archival images, i.e. 545±65R . Finally we note that the range we have obtained for the upper limit to SN 2013df's core radius is much larger than the ones estimated for both SNe 1993J and 2011dh. Given the similar ejecta masses (Table 7) this could suggest that the progenitor core of SN 2013df was not as compact as for SNe 1993J and 2011dh.
CONCLUSIONS
We have presented the analysis of our optical observations for the type IIb SN 2013df (complemented by UV data taken by SWIFT ) spanning from a few days up to 250 days after Table 9 . Estimates for the extended mass (Mext), radius (Rext) and core radius (Rcore) of SN 2013df's progenitor, calculated following the procedure described in Nakar & Piro (2014) for "non standard progenitors". For comparison, the values obtained for SNe 1993J and 2011dh in Nakar & Piro (2014) Ni mass in the range 0.1 − 0.13 M and a total ejected mass of 0.8 − 1.4 M . These results are overall consistent with other modelled IIb SNe. The earliest spectrum of our sequence shows a flat-bottomed Hα absorption indicative of the presence of an extended H shell in the ejecta, which is the outer layer of the progenitor's envelope. The presence of conspicuous hydrogen in our spectra up to later phases than in SN 2008ax, is indicative of possibly a slightly larger mass of the H shell in SN 2013df. Furthermore, the resemblance of SN 2013df's spectra with those of SN 1993J indicate that the H shell of both SNe could be similar (MH ∼ 0.2 M ) and thus possibly above the value estimated for SN 2011dh (MH ∼ 0.1 M ). Our nebular spectra are characterised by the presence of two components around 6500-6600Å and 6700-6800Å that are possibly Hα in emission caused by asymmetrical interaction of the ejecta with circumstellar material. Further spectral modelling should be done in order to confirm this speculative claim. From the [O i] λλ6300, 6364 luminosities we have derived a rough estimate to the initial mass of SN 2013df's progenitor ∼ 12 − 13M . From the analysis of the nebular profiles of [O i] and [Ca ii], we conclude that the substructure they exhibit is indicative of the presence of different clumps where these species are being excited in the ejecta. Finally, we have followed the procedure described in Nakar & Piro (2014) to add some additional constrains on some progenitor characteristics of SN 2013df assuming that it was a non-standard progenitor formed by a compact core and an extended low-mass envelope. We have estimated a mass range for the extended material similar to SN 1993J, which in accordance to our spectra, leads us to believe both SNe 1993J and 2013df had similar hydrogen shells prior to explosion. In addition, we estimated a lower limit to the radius for SN 2013df's progenitor of 64 − 169 R . At last, we have obtained an upper limit to the core radius of SN 2013df's progenitor Rcore < (45−238)×10 11 cm which are well above those derived for SNe 1993J and 2011dh. SN 2013df is the third type IIb SN presenting double-peaked light curves in all its optical bands. In addition, its progenitor has been identified in archival images. Further modelling of the SN data and future observations of the SN field may help extract more information on the possible yellow supergiant that exploded as SN 2013df and the conditions that produced its observed properties. (ii) Space-based photometry UBV and ultraviolet UVW2, UVM2, and UVW1 data obtained with the 30-cm modified Ritchey-Chretien UV/optical telescope (UVOT) equipped with a micro channel plate intensified CCD (MIC), on board the SWIFT satellite.
(iii) Spectroscopy (a) Grism 4 (spectral range = 3500-8450Å; resolving power = 613), holographic grism VPH6 (range = 4500-10000Å; resolving power = 500) with AFOSC at the Copernico telescope of the Asiago Observatory (Italy).
(b) 300 lines mm −1 grating (spectral range = 3350-7850Å; resolving power = 700) with B&C at the 1.22m Galileo telescope at the Asiago Observatory (Italy).
(c) Grism R500R (spectral range = 4800-10000Å; resolving power = 587) with Osiris at the 10.4m Gran Telescopio de Canarias at the ORM (Spain).
